Complex I (NADH-ubiquinone oxidoreductase) in the respiratory chain of mitochondria and several bacteria functions as a redoxdriven proton pump that contributes to the generation of the protonmotive force across the inner mitochondrial or bacterial membrane and thus to the aerobic synthesis of ATP. The stoichiometry of proton translocation is thought to be 4 H þ per NADH oxidized (2 e − ). Here we show that a H þ ∕2 e − ratio of 3 appears more likely on the basis of the recently determined H þ ∕ATP ratio of the mitochondrial F 1 F o -ATP synthase of animal mitochondria and of a set of carefully determined ATP∕2 e − ratios for different segments of the mitochondrial respiratory chain. This lower H þ ∕2 e − ratio of 3 is independently supported by thermodynamic analyses of experiments with both mitochondria and submitochondrial particles. A reduced H þ ∕2 e − stoichiometry of 3 has important mechanistic implications for this proton pump. In a rough mechanistic model, we suggest a concerted proton translocation mechanism in the three homologous and tightly packed antiporterlike subunits L, M, and N of the proton-translocating membrane domain of complex I.
C
omplex I is the entry point of the respiratory chain in mitochondria and many bacteria and structurally by far the most complicated of the three respiratory chain complexes with protonmotive activity, viz. I, III, and IV. Complex I is an L-shaped integral membrane protein. Its hydrophilic arm, which protrudes out of the membrane on the negatively charged N side, contains the NADH-oxidizing FMN site, a set of iron sulfur centers, and a binding site for ubiquinone (1) (2) (3) . The membrane domain includes seven subunits that in mitochondria are all encoded by mtDNA and that are present also in bacteria (see Fig. 1 ). Three of these subunits*, L, M, and N, are homologous to one another as well as to certain bacterial proton/cation antiporters (2, 3, 6) . They share structural features, such as two disrupted transmembrane α-helices (4) and conserved lysines within the membrane domain, which appear to be important in the proton-pumping mechanism (7) (8) (9) .
When considering possible mechanisms of redox-linked proton translocation by complex I, some kind of conformational coupling has appeared obvious due to the long distance between the redoxactive cofactors in the hydrophilic domain and the likely protontranslocating subunits in the membrane domain. The crystal structures (4, 10) revealed a most uncommon long amphipathic α-helix that is part of the distal subunit L. It passes along almost the entire N surface of the membrane domain and is followed by a transmembrane helix on the proximal side of subunit N, thus "wrapping up" the three antiporter-like subunits. This helix has been suggested to communicate redox-dependent conformational changes in the hydrophilic domain to the membrane subunits (4, 10) .
Here we first reexamine the stoichiometry of redox-coupled proton translocation in complex I and then explore the mechanistic implications of a pumping efficiency revised down from four to three protons per two electrons (i.e., during one turnover).
This down-revision is based on energetic arguments, which set an upper limit on the number of protons that can be translocated per cycle without violation of the first law of thermodynamics and on the recently established H þ ∕ATP ratio in ATP synthesis derived from structural information on the c-ring of ATP synthase (11) . We then explore the functional implications of the lower ratio of 3 H þ ∕2 e − and outline a rough mechanistic model of proton pumping by complex I.
Results and Discussion
The Mechanistic Proton Translocation Stoichiometry. The stoichiometry of proton translocation by complex I has for a long time been known to exceed the 2 H þ ∕2 e − of Mitchell's original redox loop principle (12) . The groups of Lehninger (13) and Azzone (14) reported ratios approaching 4 H þ ∕2 e − by measuring proton release and charge translocation in mitochondria. Wikström (15) compared intramitochondrial alkalinization and charge translocation during succinate oxidation by ferricyanide (complex III alone) with that during oxidation of β-hydroxybutyrate by ferricyanide (complex I plus complex III) in rat-liver mitochondria and reported 2.7-2.8 times higher values in the latter case. Because the bc 1 complex is known to effectively translocate 2 H þ ∕2 e − † , the corresponding number for complex I would be 3.4-3.6, from which a stoichiometry of 4 H þ ∕2 e − was inferred. Later, Galkin et al. (16) measured proton uptake coupled to NADH oxidation by ubiquinone in bovine heart submitochondrial particles and reported a stoichiometry of 4 AE 0.05. Somewhat lower values were reported for mitochondria from the yeast Yerrowia lipolytica, and for Yerrowia complex I reconstituted into liposomes (17) but nevertheless interpreted as 4 H þ ∕2 e − . Whereas the stoichiometry of 4 H þ ∕2 e − has thus been widely accepted, some skepticism might be warranted for the reason that the proton-translocating membrane arm of complex I contains three proton/cation antiporter-like subunits (see above), so that a mechanistic stoichiometry of three protons per oxidized NADH (or per turnover) may seem more plausible. On the other hand, the recent crystal structure of the membrane domain shows features outside the three antiporter-like subunits that were interpreted as a possible additional transmembrane proton transfer Author contributions: M.W. and G.H. designed research, performed research, analyzed data, and wrote the paper.
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*We use the subunit nomenclature of the E. coli complex I. † For cytochrome bc 1 (Complex III) and cytochrome c oxidase (Complex IV) these stoichiometries do not correspond to the number of protons released on the P side of the membrane (which are four and two per 2e − , respectively) but to the thermodynamically effective stoichiometry, which is the relevant entity considering the driving force for ATP synthesis. Thus, for each two electrons transferred, Complex IV translocates four electrical charges across the membrane and takes up four protons from the N side of the membrane, two of which are released on the P side. This is thermodynamically equivalent to translocation of four protons, because proton release on the P side will not significantly contribute to the concentration term of the protonmotive force (ΔpH). The inverse is true for Complex III. Here, for every two electrons, two protons are taken up from the N side, and four are released on the P side, which is thermodynamically equivalent to translocation of two protons. Because the driving redox reaction is the only energy source for the proton translocation coupled to it, energy conservation imposes a strict upper bound on the number n of protons translocated per electron in steady state,
where Δμ H þ is the proton electrochemical gradient. ΔE h − nΔμ H þ is the potential lost to dissipation in complex I energy transduction, such that equality in Eq. 1 is achieved if the reaction proceeds without any dissipation. The stoichiometric ratio n under typical operating conditions must thus be strictly smaller than the bound in Eq. 1; how much smaller depends on the efficiency of coupling and the extent of leaks. It is well established that the Δμ H þ of well-coupled rat-liver mitochondria respiring on β-hydroxybutyrate in state 4 is of the order of approximately 220-230 mV (20, 21) . Inserting this value and the experimentally observed ΔE h of 359 mV in Eq. 1 yields a maximum H þ ∕e − stoichiometry of n < 1.56-1.63 (i.e., a maximum H þ ∕2 e − ratio of approximately 3.1-3.3). It is noteworthy that the widely accepted H þ ∕2 e − ratio of 4 would require a driving force larger than approximately 440-460 mV if the measured range of Δμ H þ were considered accurate, implying a >25% error in determining ΔE h . Alternatively, Δμ H þ must be lower than 180 mV in state 4 mitochondria if the determination of ΔE h is accepted.
In the above considerations the mechanistic proton pump stoichiometry (n) was assumed to be constant. Measurements of the H þ ∕2 e − ratio are usually done under conditions where the Δμ H þ is very small (i.e., when there is virtually no force opposing proton translocation). If n can vary depending on the conditions, it is therefore possible that it is decreased at high Δμ H þ -i.e., in the conditions of mitochondria respiring in state 4. It is noteworthy that under phosphorylating, state 3, conditions Δμ H þ falls to values near 170 mV (20, 21) . In such conditions ΔE h is shifted to approximately 364 mV during respiration on β-hydroxybutyrate (calculated from data in ref. 19) , in which case the maximum value of n is 2.14, and a maximum H þ ∕2 e − ratio of 4 is possible. For this reason it will be important to obtain an independent measure of the H þ ∕2 e − ratio under conditions of active ATP synthesis [i.e., in state 3 mitochondria (see below)].
De Jonge and Westerhoff (22) measured ΔE h and Δμ H þ in submitochondrial particles in near-equilibrium conditions of ATPinduced reversed electron transfer from succinate (via complex II) to NAD þ , as catalyzed by complex I. Here again, Eq. 1 sets a boundary in steady state, and the authors found the mean value of n to be 1.6, which they interpreted as a H þ ∕2 e − stoichiometry of 3 for complex I. In their work also the free energy of ATP synthesis (the phosphorylation potential, ΔG p ) was determined, viz.
which is the driving force of the reversed electron transfer in these experiments. ΔG p;o is the free energy of ATP synthesis at standard conditions. Here, the equivalent of Eq. 1, viz.
is valid near equilibrium between ATP hydrolysis and protonmotive force, in which case m is the H þ ∕ATP stoichiometry of the F 1 F o ATP synthase. The mean and standard deviation of the three values of m reported in this work are 2.73 AE 0.32 (22) . As the authors pointed out, the m obtained in this way is a maximum value, which at the time made them suggest that the H þ ∕ATP stoichiometry is 2. In retrospect, their observation is quite remarkable because the true H þ ∕ATP stoichiometry is 2.67, as we shall see below.
Finally, we note that Bogachev et al. (23) , working on whole Escherichia coli cells, reported an H þ ∕e − ratio of "not less than 1.5" for complex I (i.e., ≥3 H þ ∕2 e − ).
Making use of the Measured ATP∕2 e − Ratios. In this section, we combine detailed structural information on F o F 1 -ATP synthase with literature values on mitochondrial P∕O ratios to infer the H þ ∕2 e − stoichiometry of complex I in state 3 conditions. Recently, Watt et al. (11) made the important discovery that the membrane F o domain of the F o F 1 -ATP synthase has eight c subunits in all animal mitochondria, from which follows that eight protons are transferred across the membrane domain for each full rotation of the γ subunit. Because the catalytic F 1 domain is an α 3 β 3 trimer, a full rotation of the γ subunit results in the synthesis of 3 ATP molecules. This finding therefore settles the intrinsic H þ ∕ATP stoichiometry at 8∕3 ¼ 2.67 in animal mitochondria. This ratio is also the relevant stoichiometry in submitochondrial particles, where the catalytic F 1 domain faces the external medium. In mitochondria the situation is different, because transport of ADP 3− into the mitochondrial matrix in exchange for ATP 4− is associated with translocation of one electrical charge equivalent, and transport of the inorganic phosphate monoanion (P i − ) into the matrix is linked to cotransport of a proton (electroneutrally). Hence, the "cost" of making an extramitochondrial ATP from extramitochondrial ADP and P i requires the translocation of 2.67 þ 1 ¼ 3.67 H þ ions. The settlement of the (extramitochondrial) H þ ∕ATP ratio to 3.67 in animal mitochondria opens up a new and independent test of the H þ ∕2 e − ratios of proton translocation in the respiratory chain, because we can now make use of the extensive literature data on ATP∕2 e − (P∕O) ratios in mitochondria. This is because
[4] The latter is reduced to ubiquinol (QH 2 ) with uptake of two "substrate protons" (black arrow). QH 2 enters the membrane in exchange for an oxidized ubiquinone. The program VMD was used for visualization of the structure (5).
i.e., the measured ATP∕2 e − ratio for a certain span of the respiratory chain encompasses independent information on the proton translocation stoichiometry of that redox span. When determined in this way, the resulting H þ ∕2 e − ratio is a minimum number relative to the true stoichiometry, because some proton leakage is likely between the generator and consumer of protonmotive force. Here, we assume that one full rotation of the γ subunit of the F o F 1 -ATP synthase results in the synthesis of exactly 3 ATP molecules, not less. Eq. 4 then yields the minimum H þ ∕2 e − ratio under conditions of active, phosphorylating state 3 respiration as called for above.
Hinkle (24) has summarized virtually all the ATP∕2 e − ratios reported in the literature and provided a valuable discussion of the different sources of error in these measurements. Here, we make use of the ATP∕2 e − measurements published earlier by Hinkle et al. (20) , again using rat-liver mitochondria for consistency. Table 1 summarizes this data, which was reported for the entire respiratory chain (β-hydroxybutyrate oxidation by O 2 (i.e., complexes I þ III þ IV), for succinate oxidation by O 2 (complexes III þ IV), for succinate oxidation by ferricyanide (complex III), and for the oxidation of TMPD (+ ascorbate) by O 2 (complex IV), in each case under conditions in which contribution of other parts of the chain was duly blocked by specific inhibitors. Table 1 also lists the corresponding H þ ∕2 e − ratios based on Eq. 4, and the value in parentheses gives the stoichiometric efficiency assuming that the effective H þ ∕2 e − ratio † is 4, 2, and 3, respectively, for complexes IV, III, and I. Note that the H þ ∕2 e − value for I þ III þ IV approaches 9 with an efficiency similar to those of the other combinations that do not include complex I. If the mechanistic H þ ∕2 e − ratio were 4 for complex I, the ratio would be 10 for I þ III þ IV and the efficiency only 83% (i.e., very different from the other combinations that do not include complex I).
Note also that subtracting the ATP∕2 e − ratio for the III þ IV combination (1.48) from that of the I þ III þ IV combination (2.27) yields an ATP∕2 e − ratio of 0.79 for complex I. In good agreement with this, subtracting the individual ATP∕2 e − values of complexes III (0.49) and IV (0.98) from the value for I þ III þ IV (2.27) yields 0.80 for complex I (Table 1 ). An ATP∕2 e − ratio of approximately 0.8 corresponds to a minimum H þ ∕2 e − ratio of 2.9, which is 97% of 3.0 (but 73% of 4.0). A 97% coupling efficiency for complex I, when considered together with the individual coupling efficiencies of complexes III and IV, indeed agrees very well with the efficiency of 92 % for the combined function of I þ III þ IV (Table 1 ). This analysis is also in agreement with the previous general notion that complex I is a particularly efficient redox-linked proton pump (i.e., with minimal energy dissipation).
From this data it is clear that in the phosphorylating state 3 of mitochondria, the H þ ∕2 e − ratio of complex I still seems to be 3, even though the thermodynamics would now allow a stoichiometry of 4 due to the lowered ΔE h ∕Δμ Hþ ratio relative to state 4.
Uptake and Release of Protons Linked to the Redox Chemistry. The chemistry of the reaction catalyzed by complex I comprises oxidation of the two-electron donor NADH bound to a site near the cofactor FMN in the polar domain of the complex on the N side of the membrane (1-3) . Beyond FMN there is a chain of purely electron-carrying iron-sulfur centers, which ends up at the Fe/S cluster N2 nearest to the membrane. This arrangement implies that the proton release associated with oxidation of NADH will occur on the N side (i.e., the mitochondrial matrix or the bacterial cytoplasm; see Fig. 1 ). We note here that a second proton will be released on the N side upon rereduction of NAD þ to NADH, as catalyzed by various dehydrogenases. The electrons will finally reduce ubiquinone (Q), and the two protons required for this must be taken from the N side (Fig. 1) , because protonmotive force would be dissipated if they were taken from the P side. Thus, the proton release and uptake due to the redox chemistry will not contribute directly to the creation of protonmotive force by complex I. Yet, the proton uptake that is linked to the ubiquinone reduction chemistry may nevertheless be an important component of the proton-pumping mechanism (cf below).
Ubiquinone. In the complex I structure a fairly well-established ubiquinone binding-site lies in a cavity near cluster N2, but this site lies some 25 Å away from the N-side surface of the membrane (Fig. 1) (1-3) . Apparently, it is Q in this site that can form a fastrelaxing semiquinone radical in conditions of high protonmotive force, because this radical has been shown to lie at an approximately 12 Å distance from cluster N2 based on the measured magnetic interaction between the two (25) . Complex I isolated from both E. coli (26) and bovine heart mitochondria (27) contain a single ubiquinone molecule per FMN, which is presumably bound to this site. The redox potential of the Q∕Q − couple for the bound Q in complex I has been estimated to be more negative than −300 mV from rapid freeze experiments (26) and theoretical calculations (28) . In agreement with this, the E m;7 of the Q∕Q − couple is −240 mV (versus NHE) in 80% ethanol (29) , and the half-reduction potential (E 1∕2 ) is −361 mV in dimethylformamide (30) . Overall, this would mean that there is virtually no drop in redox potential between the NAD þ ∕NADH and the bound Q∕Q − couples, from which follows that the entire energy drop occurs beyond transfer of the first electron to the bound ubiquinone.
We envisage two major possibilities. In the first, the single Q bound near cluster N2 becomes half-reduced and fully reduced, after which it diffuses into the membrane domain in exchange for an oxidized Q from the membrane. In this scenario, it would be the half-reduced anionic semiquinone that would initiate the events of proton translocation.
Alternatively, the situation might be analogous to bacterial reaction centers (and photosystem II) with two quinone binding sites (A and B; ref. 31) of which one (B) exchanges readily with the quinone pool in the membrane (32; see Fig. 1 ). There is indeed some evidence for ubiquinone binding to those four membrane subunits that reside in the "heel" of the boot-like structure of complex I (33) (34) (35) (36) (37) . It is possible, therefore, that the more tightly bound ubiquinone (Q A ) in the cavity beneath cluster N2 accepts the electrons from N2, and delivers them further to another more loosely bound quinone (Q B ) nearer to the membrane proper, which readily exchanges with the membrane pool (Fig. 1) . In this case, Q A may shuttle between the Q A and Q A − states, whilst double reduction and protonation may occur only at Q B ( Figs. 1 and 2; see below) . 
The ATP∕2 e − ratios are from Hinkle et al. (20) for rat-liver mitochondria oxidizing β-OH-butyrate (I þ III þ IV) or succinate (III þ IV) by O 2 , succinate by ferricyanide (III), or TMPD (+ascorbate) by O 2 (IV). The H þ ∕2 e − ratios are derived from the ATP∕2 e − ratio using Eq. 4 and a value of 3.67 for the H þ ∕ATP ratio. Per cent efficiency is reported for the assumption that the effective mechanistic H þ ∕2 e − stoichiometries † are 3, 2, and 4, respectively, for complexes I, III, and IV (i.e., 9 for I þ III þ IV and 6 for III þ IV). The two ATP∕2 e − ratios for complex I are derived from the measured ratios, as indicated.
Mechanistic Principles. Too little is known as yet in order to formulate a detailed mechanism of proton-pumping by complex I, but if the H þ ∕2 e − stoichiometry of proton translocation is indeed 3, the pumping mechanism can hardly be composed of two identical power strokes coupled to two one-electron redox events involving the same ubiquinone molecule (i.e., Q þ e − → Q − and Q − þ e − þ 2H þ → QH 2 ) (38). Assuming such a two-stroke mechanism, a fractional stoichiometric efficiency with 1.5 H þ pumped per stroke is necessarily a result of an average over an ensemble of enzymes, half of which pump two protons per stroke and the other half only one. Such a variation in the stoichiometry of individual enzymes must be the result of slippage in the pump mechanism and should thus be suppressed in an efficient energy transducer. Moreover, by virtue of being at the stoichiometric midpoint between approximately 50% each of 2 H þ ∕e − and 1 H þ ∕e − power strokes, such variations would make the pump stoichiometry sensitive to small perturbations in transmembrane potential and the pH on both sides of the membrane. In contrast, for a robust pump whose stoichiometry is insensitive to small changes in conditions we expect a nearly integer stoichiometry on average.
The 3 H þ ∕2 e − stoichiometry thus suggests that proton translocation as catalyzed by the LMN triad is coupled to a single redox transition. The three homologous antiporter-like subunits L, M, and N may undergo a set of conformational changes, each taking up one proton from the N side of the membrane and releasing it on the P side, as proposed by Sazanov et al. (4, 18) . We suggest that the three membrane subunits cooperate tightly with one another in synchronous reaction steps of proton uptake, reorientation of proton binding sites, and proton release (Fig. 3 A  and B) .
A key question regarding such a mechanism concerns the means by which the driving force from the redox reaction is transmitted to the set of LMN subunits in the membrane arm. Euro et al. (9) suggested that the nature of the transmission might be a cooperative two-phase electrostatic process that may be initiated by the negative charge of the ubisemiquinone anion (or the quinol anion, Q 2− or QH − ) bound at the ubiquinone binding site and transmitted to the membrane arm, causing a cooperative conformational change in the L, M, and N subunits. The second phase could be initiated by quenching of the negative charge at the quinone by its protonation. We think it is doubtful that the long α-helix of subunit L is involved as a mechanical piston in transmitting the conformational changes (4, 18) , because extensive softening of the structure of this helix by site-directed mutagenesis had generally little effect on activity (39) . As a possible alternative, the long α-helix might have a stabilizing effect on the LMN heterotrimer, clamping it together during its conformational transitions (39) .
Based on the recent structure (18), the LMN subunits are very tightly coupled. It is therefore conceivable that mechanical tension in response to the buildup of uncompensated charge at the Q-binding site(s) is released by a concerted conformational change in all three subunits. With regard to how ubiquinone is involved more precisely in the mechanism, we currently favor the Q A ∕Q B hypothesis discussed above, which could lead to the reaction sequence described in Fig. 2 . Negative charge is built up by electron transfer to form the Q A − Q B − state, which triggers a concerted conformational transition in the LMN triad that changes the sidedness of proton accessibility and ultimately results in the uptake and release of the pumped protons. This conformational change also alters the structure around the Q site(s) to permit the uptake of the two substrate protons from the N side of the membrane, which then neutralize the charge. By this, the electrostatic imbalance driving the conformational change is reversed, and reduced quinol in the B site exchanges for an oxidized quinone from the membrane pool. Fig. 3 A and B uses a cubic reaction diagram to show two possible reaction sequences of such a redox-linked proton pump.
Finally, we note that Sazanov et al. (18) indicated possible proton translocation channel structures not only in the L, M, and N Fig. 2 . Proposed oxidoreduction function of two ubiquinone molecules in complex I. Q A is the ubiquinone proposed to be bound near iron-sulfur cluster N2, whereas Q B is another ubiquinone bound more weakly near the membrane domain (see Fig. 1 ). Q A is insulated from protonation and its one-electron reduction is thermodynamically unfavorable (see text). Uptake of the second electron to yield the doubly negatively charged pair is again unfavorable. The doubly charged ubiquinone pair is proposed to drive conformational changes in the LMN subunit triad (see Fig. 3 A and B) , which are reversed on protonation of Q B . Reduced Q B then exchanges with the membrane pool for oxidized Q. Fig. 3 . Two possible scenarios for proton pumping by complex I. The corners of the cube represent eight different states distinguished by (i) the cooperative sidedness of the proton-transferring groups of subunits L, M, and N (x axis; P or N connectivity), (ii) the presence or absence of negative charge at the catalytic ubiquinone(s) (y axis; red arrows indicating electron uptake), and (iii) the protonation state of the key groups in subunits L, M, and N (z axis; uptake and release of H þ ). The four P and N states have protonic connectivity to the P and N side of the membrane, respectively. In case A, the orientation with proton access from the N side has the lowest energy in the absence of electrons or protons at the respective active sites (state 1), and the protonatable groups in the L, M, and N subunits have a pK a well above the pH of the aqueous N phase. In case B, the lowest energy state (state 1) has the L, M, and N subunits protonically accessible to the P side, and electron transfer to the quinone(s) is required for the switch to the N orientation. Note that the states marked with the red minus sign correspond to those where electron transfer to ubiquinone yields net negative charge that drives conformational transitions in the L, M, and N subunits (i.e., state Q A − Q B − in Fig. 2 ). H þ chem refers to the chemical protons taken up into reduced Q B to form the quinol, QH 2 , whereby the negative charge is neutralized. We stress that cycles A and B here are only two examples out of several possible ones.
subunits but also at the interface of subunits N, K, J, and A (i.e., in the "heel" of the boot structure of complex I) with the idea that these latter structures might be responsible for translocation of "the fourth proton." Whereas our analysis above provides strong evidence for pumping of three rather than four protons per turnover under phosphorylating, state 3, conditions of mitochondria, it cannot exclude a 4 H þ ∕2 e − stoichiometry under conditions of very low protonmotive force. Such conditions are indeed typical in the direct measurements of the pump stoichiometry where the observed ratio has significantly exceeded 3 (13-17) A possible scenario is, therefore, that the N, K, J, and A subunits in the heel serve as a variable transmission: At low ΔE h ∕Δμ Hþ ratios it does not function; at high ratios, it facilitates translocation of a fourth proton per cycle (Fig. 1) . Considering that the electron transfer function of complex I is responsible for most of the electron input into the respiratory chain in many organisms, it might indeed be advantageous to regulate the degree of coupling between electron flux and proton translocation.
Electron flux in the respiratory chain is largely limited by the flux catalyzed by complex I. An overly tight coupling between quinone reduction and proton pumping to maximize the H þ ∕e − stoichiometry might thus endanger the overall electron flux in the entire respiratory chain. Such an obstruction would be expected to favor formation of reactive oxygen species, mainly superoxide (40) . Limiting the H þ ∕2 e − ratio to 3 during active oxidative phosphorylation in mitochondria, even though the thermodynamic constraints would allow a ratio of 4 (see above), might also be important to optimize mitochondrial power output (i.e., the energy transduced per unit time) at the expense of stoichiometric efficiency (41) .
Conclusions
In order to put a sharper bound on the stoichiometry of the proton pump in complex I, we exploited the fact that the function of this molecular machine is tightly coupled to the operation of the other enzymes in the respiratory chain. Remarkably, recent structural information about the rotary motor ATP synthase driven by the protons pumped in complex I contains critical information on the complex I stoichiometry. This holistic view, in which coupled energy-transducing elements are analyzed together, not separately, should prove useful also for other processes involving multiple molecular machines.
A reexamination of a wide range of literature data suggests that complex I operates with a stoichiometry of proton translocation of 3 H þ ∕2 e − (i.e., lower than the commonly accepted value of 4 H þ ∕2 e − ). This reduced stoichiometry is consistent with the recently determined H þ ∕ATP ratio of the mitochondrial F 1 F o -ATP synthase of animal mitochondria and of the measured ATP∕2 e − ratios for different segments of the mitochondrial respiratory chain. Mechanistically, a reduced stoichiometry of 3 protons per cycle could be achieved in a set of concerted proton translocation steps involving all three of the homologous antiporter-like subunits L, M, and N, possibly driven by the buildup of uncompensated charge in the Q-binding sites. While we currently do not have any more specific evidence in support of such a model, we hope that this discussion will stimulate further studies of complex I as a functionally important molecular machine responsible for primary energy transduction in cell respiration.
